dill<l!'Y de!llill)(b t.IJ;\1 it lllill\es lljlOll llJO(Ol'. .C.:i'\\;;ory. ill!d i'l_igllili\·c lli!'CiJ;llliSlllS. 1\Jt!JollglJ SOI\W of llt1' rl'll!SCllliiLl!l'<' of(-])(' !JU!\1<111 \"OcaJ <l]l)l<ll'<ll US 1110\"1'.') quite J'ilj)id]y COlllj)<li'Cd wit.b I!Sllill skeJct.O-Ill\ISClli<ll' rates. the muscles for lll<-tny tasks cnnnot keep up with tlw Lr;-lJlSillissioiJ rate of spoken speech. li('IICI' tiH' ph('·· llOillCllil of co;ut.iculat.ion during \\'llich significant m·('rlnp of' <11'1 ic1dator Jnot.ions occur for ;td,iaceJJ1 spci'Cil segments. Jn particular, motion of t.be Longue and larynx for vowels fr(:qu(_:ntly overlaps \.h(~ JJJot iu11 for consoJlanLs. Oft.cn segnJcnLf:l are nasaliY,cd both lwfore and after an ut.t.crancc; see Daniloff (JD80) . ln order to model speech recognition iu a. hiologicali.Y plausible fashion it is necessary to acc.oun(. f'or the recoguition of' coar(.icula.Lecl speed1 producLions. \Ve herr iuvcs!.igat.e a pcriplwrnl spced1 processing mechanis1n which p<-trt.ially <lisambiguates c.oart.iculatcd vowels and consoJlilll!.S.
One conceivable method t.o do this is to opera f.{_; ou Lhc ."ihO!'L t.imc output. spcct.rogran1 of' t.hc .':ipc·ech Wa\'t::f'orrn. Standard sp(~ech spcct.rographs arc. hom:vn, not reliabl(' 1.rnnsduccrs of phon<'i.ic infonnation in naturnl SJWcch cnvironJitcnLs: sc:c 1\]a!.t. ( ID82) for a review. For C\il!nplc, the spectral paLl-ern in st.Hnda.rd speech spcct.rognw1s degrades markedl.v for f'<:Jnalc speakers. young children, and nll spc~akt:rs in noise. This la.ck of rohust,ness is in contrast. Lo huin<.:UJ lwhaYior: Female: and cbi!dn•n :s speech are ahouL ns intdligihk as adult male SjWcrh. Speech is of't.cn complc·t.c:ly int.clligiblc in the prcscnc<' of' nois(: whose· powcr is (_]](' sanw as thC' speech signal.
Other standard preprocessors of' speech input such as hoJllOlllOrphic fllt.cring (c('pst.ral ana!,ysis) and linear predictive coding techniques suff(_:r si1nilar degradation under natural conditions (Chit.za, JDX8). Since most. speech recognition s_ysten1s usc such preprocessed data without f'cc:dh<lck) they arc inherently unstable and l-lwref'OI'e nnreliahlc undu· Jtonnnl uncontrolled speaking conditions.
An alternative approach to early auditory processing takes it.s inspiration f'rorn data about. speech pcrc(-'pt.lon tint articulat(' major difl'ercJH'.es bctw<:cn vowel and consonant sounds (Cru:nlwrg, l))9.tl). The Fourier spcc.trunJ of'n typic;-l.l vowel consisLs of a s(:rics of;.;inusoidal con1ponent.B whose frequ('.Wics ;w-' integral multiples of a f'nndam(~nt.al fr<~quency and whose ;unplitudes dc~pcnd upon the resonant fonnant. pat.t.c~ms of the vocal tract. configurations. ln contrast-, for nonvocalic sounds such as stop consonants and fricatives, t-he wavef'onns lack a clear periodic q11a.lity) and have spectra t.hat. chang(' JJ'JOre quickly <tnd over briefer dHrntions tha.n vocalic segments. Tlwse dif!'ercnccs rnisc the question of what types of' mechanisn1s arc llS('d hy t-he brain to efficiently process such diff'crcni. types of' signals.
Dat.a about how the eighth nerve works provide a st.a.rt.ing point. for om a.nal.)-'Sis (Sachs~ \Viw;low, ;uJd Blad:l)tJI'l](-', I D88). IL has long lwen known that eighth ncrv(: c<'lls, as rt"·cordcd in a sedated anirnal, hav<: <l dynamic range of only:·)() DB or t.}Jl'(-'C ordc~rs of magnit.ud<'. llowcv('J', from psychophysical st.udi~:s it. is also known that auditory pcn:cption has a d.YlHl.lrli<: range of DO DB of' \Vcber Law sensitivity. How can \\'<~ explaiu this disncpanc.J-'? ']_''he classical view f'or speech as well as for noise is that. this senHiLiviLy is cffcct.('d by a (usually unspecified) mechanism of rccruitnwnt. or by gain control (JVloon_:, 1989) . i\ series of' c:xpc~rimcnt.s i11itiaLed by Young and Sachs (1 D79) and Sa.chs and Young ( 1 D7D), and followed up in a detailed fa,':ihion by DdguUc~ a.nd Kiang (lD84a) HJ8tlb, !98:1c, 1D8 1 ld, JDS!Jc), suggests a significa.llt modification of' the classical VICW. First. Sachs and '/oung ( J 979) and Young and Sac:hs (1979) ( 1 979)) and Delgutt.e and Kiang (198!J.a, 198!Jb~ :J981c, 1\J81d, 1981e ) constructed a. series of response rncasurcs~ caJled Av<~ragc Locali7-cd Synchrony measures or ALSM, that extend the selectivity of eighth nerve fibers to a. dynamic range of ()0---90DB in response t.o vowel-like sounds and enable recovery of c-ritical features of' the vowel spectra through a frequency range of 1 kHz. 'J'his enables recovery of the formant. struc.Lure of a vowel at least.
through the second formant.
The response rneasures of Sachs and Young are constructed for ea.eh frequency w as follows: 'l'hc Fourier transforrn of the period hi::;t.ogram of the response of a.n eighth nerve cell is computed. T'his Fomicr spectrum is rnu!Liplicd by a na.now window whose frequency response is cent.erecl at the cha.rac.Leristic frequency w nf' !.he fiber. and tlw produn is inLegTnl1:d. This outp111 is nor1nnliz1'd lly <~ll <lppropriate statistic of' tl11· discll:u·ge r;t!l' or t.he fih<'r. Cl'lwl·;llly. tlw :t\'('ngc· r:lle nr 1lw not)( :\l1':uJ Squ<tn' rate~ is used. Fiit<tll>·-thi.--: n'spu11:-:C' is ;n'l'raged u\"<'r difrnl'lll. fihns \\·hu:->1' ch:tractnistic f'rcqiH'ncil\'-' lit' \Yithin a critical hiliHI uf'."·· E\-1'11 though t.hc u\Trall rcspt)llSC ral-1' of" iiJdiYidual fihns sat lll'ill-I'S in a :)()])1~ inknsit.y l"<lngc. :\ !.S\1 IIH'<-tsur('S 1\J<lillL<Iin sdcct.iviLy 11p to ahoul .')()])]$_ Furthnnwrc :\LS\L.; are rclatiYI'Iy ins1:nsitivc lo h:t<·k-.t-'/OlliHIIJoi;-;c:, whcri-'\\S rate codes <m' highly sensitiYe 1.u noi.-.;1'. On t.lw ot-lwr hand, these :\I,S:\1 nw;tS\11'('.-; <~rc less (:fl'<:ctiYc in producing n reliable signntur(' for either frie<1tivcs or s(ops. In (.] Cliit%<l. I ~)88). This <ll'l.iclc' const.ructs n filter t.hat achi('vcs a related t.imc/f'n•qur:lH'-Y nnaly:;ii:l and t.hal is motivated by auditory psychoacoustics and ncnrophysiological crit.nia. 'l'hcse dd.ect.ors appenr t.o have n1orc favorable noise suppression qualiLi1'S than nwn;y hns<~d on the short-·t.imc Fourier (.)_·;msf'onns or wavelet transforms referred Lo above, and also help to nJOdcl the synchronous proce.%ing canicd out b,y the auditory s_yst.cin.
The new model forms part of' the front end or a S('lf"-<H~)lJJi;.-:ing nemal network architeet.ure for rcal"-1 inw auditory and speech processing (Figun~ 1) f'rolll the periphery t.o the: word recognition levclt.hat our group has he(~ll developing (Bonrdman and Bullock, lDDl:. BoardJnan, Cohl'll, and C:rosslwrg, 19D, l; Bradski, Carpcnt.n. nnd Grossberg, lDD2, 1DDtJ; Cohen and e_;rosshcrg, JOB(), 1087: Cohen, (~rosslwrg, nnd Stork, !1)88; Cohen. Crossberg, and \·Vys1', JDD5; Govindarajan cl a!., Hl\J; J; Grossberg, l978a., 1978h, 1086 Grossberg, Boardn1an. and Colwn, 199() The presc-:nt. artie!(' illust.rat.es how such a front. end works by showing how it ca.n separate transient. and sustained sig11a.ls for :-;evernl key speech sounds, such as stop and vowel onsets and ofl:sd.s, a.ucl frica.t.iou:-;. Further development. of this front. I:'Jld will n:quirc !.hat it he integrated into a larger nrchitcct.urc for auditory and speech processing t.hat. is now being assernbkd. 'fhis a.rchit.ect.ure includes a new model of pitch perc1:pt.ion (Cohen, Grossberg, a.ncl \'Vysc, 1995) , of a.udit.ory scene~ analysis and source locali:;;ation (Govindarajan ct ol., 109 1 1), and of va-l'ia.ble-ra.t.e speech cat.egori:;;a.tion (Boardman, Grossberg, a.nd Cohen, 1091; Grossberg, Boardman, a.nd Cohen, 199G) . The susta.incd-t.ransient. filter described herein does not., in it.self', a.ccornplish speech recognition. Its role in the archit.eet.ure can be clarified by t.he following exarnples.
Boardrnan, Grossberg, and Cohen (1DD4) have proposed how to explain wh,y t.he perception of CV syllables ex hi hi t.s context cfl'ect.s whereby voice onset time (VOT) of a. con son ant. and d ura.t.ion of' a. su bsequen L vowel intera.d. Percepts of /ba./ and jwa./ ca.n, for example, depend on the durations of the consolla.nt and vowel segments, with an inerease in the duration of t.he subsequent. vowel swit.c-hing the percept. of the preceding consonant. f'rom /w/ to /b/ (iviillcr and Liberm<-1. Tl; 1079; Pi::; oni, Carrell, and Ga.ns, 198:3 and t.cmporal separation) as in the Jib/ Jbaj to /iba./ and /ih/ )ga./ to /iga./ dist.indions 1 depends <llso upon the int.C'rvenLion of t.op-down processes.
In particular) after prcproec;.;sors sucb as t.he su;.;tain(~d-t.ransicnt filter operat.e upon individual acoustic segrneni.s) acoustic events in t.he rnodel are rcpn'scnt.ed as spatial pat.kms of activation across one or JllOJT working memories. ·:rhese working memories can temporarily ::;tore a series of preprocessed sounds. Their t.ernporally evolving patterns a.rc cat.(~gori:~,ed b,y a. eornpet.it.ive learning or sclf'-orga.lli:ling feature map network (Grossberg) JH76, 1978a; Kohonen, 1981; i\lalsburg, 197:3) . In t.his ndwork, tlw working memory activation pattern at. any Lime gencn1t.es output. signals that. are procei:ised by n.n adaptive fill.cr. The filter generates inputs t.o a. s<~cond level of nodes, or cell populations, that categorize t.he pa.t.t.erns t.ha.t. a.re active in working rncrnory. Category nodeH are chosen by lateral inhibit-my, or competitive! interactions. Only the node 1 or nodes, that receive the largest input, or close to largest inputs, from the adaptive filLer win the competition. Adaptive weights) or long term memory traces, in the filLer pathways undergo learning only if' they inp11t. to a wim1ing node. Lea.rning is designed to encode the ratio of activations across the working memory nodes. 'l'his is how category nodes in the model become sensitive t.o t.he sust.ained/Lra.nsicnt ratio in the /ba.J or jwaj pcrccpL \'Vhy does t.his dassiflca.tion process La.ke so long that. t.he durat.ion of a. vowel ca.n influence the percept. processing is 11cc.essar;y 11t higlJcr levels t.o account for the st.ability of vowel recognition at signal levels f'ron1 {)() to OODB above threshold and in noi~:~e. Their work indicates that some sort of" synchronous nonlinear short.-·tinH-~ averaging is used t.o provi<h~ sLahlc rccogHition of" vocalic sCillluli.
Each sustained cha-nnel is modekd b.Y a coincidence dct.cct.or t.hat computes t.lw following operations: ( 1) The output of' a. each cochlear filt-erhank is pass<'d through n pmvt~r function and J'(!ct.if'icd. (2) The n~ct.ific·d output. is p<-H>sed t.hroug;h t.wo parallel <'.hanucls, OJW with a dclay, and t.hc output. of hot.l1 channds arc Jnu!t.ip!ied. (:))The product is exponentially time averaged. (11) The average is scaled h,y the frequency of t.hc input. This la.t.t.er operation, which is known C\s prccrnphasis, compensates for t.IH-' known loss of sensitivity Co high frequencies in the mechanical spccLnnn of the outer a.nd inner ears (Pickles, 1988) Tlw CUiliplcJJH:nt.nry propnl.ies of chcsc paralli'l ch;JJIJH'Is rL1rify n Si'll:·;c in which SJWCtrognnlL". in t!JcJn sC'Ivcs, do not. provid<' a tJa!.ural or complcu: rcprcscnl<tlion of' the i11f'onnnt.ion ronl.aincd wit.hi11 Jwtmally occurring audi!.ory or fipcecb signals. lt is Llwn:ron' quite diffkult f"or C\'CII trained human suh.iccts to ad.in'ly retrieve phonetic rcprcsent.aLions from spectrograms. Tl1<: 1nodcl presented in this article suggests that cornhinat.ions of separately filt.l:red sustained and t.ransient in!'orma!.ion ar<'-used by list.rlH'.rs to achieve phonct.i(' lliscriJIIinat.ion and recognition.
3. A Model Coehlear Ji'ilt.el'hauk \V(' construe(. the sin1plest. filt.crbnnk t.l-n.ll models tilt' ]Wriplwral audit-ory t.ranscluctiou t.hat. is w~eded to jli'O\'idc~ inpuLs to t.!Jc sustained and l.ransicnL ch;ll]J)(')s. i\ sclwllli\t.ic or this fllt.crhanl.: is sh0\\'11 in Figure 2 . Tlw acoust.ic \\'a.vd'orm wns recorded by an analog 1.0 digital coJl\'('r!.er ~;Hnpling at. 20 klh. The output of' Llw convc:rt.cr was t.ransf'ornwd t.o n slower snn1pling rate hy low pass filt.cring and undcrsarnpling, t.!H~rehy mainLainingrcsollll.ioJJ in t.hc: /llt.crbank 1 as in Crocilierr and H<1hiner (1~)8:))_ TIH' sJnoot.l!cd and filLcr<'d dat.c1 wnc-chen stepped back up t.o "20 kllz, so t.ha.l. t.hc ouLp11t. ol' each channel was at. the saJllC f'requenc.J-' and so is directly cornparablc. This interpolation was acc-olnplislwd by low pass filtering a SNJUCJlCC~ consist.ing of t-he scah'd input. data inkrsperse:d between suhst.rings of' Z-CJ'OS or i1 fixed length. A bank or filt.ers of' lcngt.h i)!L \\'hose att.cnuat.ion was Lh(' san1e as the thC' ntcasured f'rcqtH:ncy resp011Se of t.hc cat. hasilnr l'l'lCJllbr<uH: was coHsLnH·.tcd (LiclwrnJ<Ul, 1088) .
This amplit.udl-: response do(~s not., however, spC'cif'y the response or t.!Jc filter uniquely (Papoulis, 19()2). Tile phase shift. at each l'n:quency also needs t.o be represented. There is a unique filter which has the shol·t.est. pllnse dday al. any given frl'qUCIJcy for a fixed amplitude response. Such a filt.N is called a winimal phnsc filt.c~r. Our filters were cons(.ruct.cd Lobe minimal phase· using t.hc Dlll'hin :\lgorithm (. Jackson, 1986) . lt is known that Llw basilar Jllt:Jnhranc response in t.h(; linear range cxhihit.f-i 1nininJal phase behavior (Zweig. Lipci:i, and Pierce, 197(5; Sha.lllrna, 1987 SpccLrogranls were (ons!.ruct.cd f'roln t.he filLcrhank using a digit<tl spectrographic package conscruct.cd at C:arlll·:gic Mellon University (Cj\H_l) in the: speech recognition group (i\dan1s and Bisia-ni, IDSG). These spc:ct.rogralns are cornpnred with t.hc sustained aml Lransicn! channel outputs hdow.
4. The Snst.ained Channel Figure 2 is a sclwrnatic of t.hc filtered output of" one sustained dcLcct.or. The input of this s;y.stern is the output. of t-he cochlr-:ar filters constnJC:t<~d above. Lcl Fi(() be t.he output of t.hc -;th filter at. t.inw !.. This input is preernphasized and half\vave or J'ullwa.vc rectified. Tlw signal function used to eaJT)I out these operations is of' the form ( I) where :r+:::::: ma.x(;r-T, 0) and;~:"'= 1-' tl. \Vhether ha.lfwa.ve rcctifieation (:r+) or f'ullwa.ve rectification (;r"') is chosen will be made clear by context.. Parameter ct is chosen so t.ha.t 0 < n < 1) n·::::: .5) in t.hc simulations.
Each signal function output f (i'i(l) ) is delayed a.nd a.utoconcla.t.ed. The delay n is chosen to be the reciprocal of the center frequency of' the fllt.er. The output of' the filterbank S'i t.hus has the form which is approxima-ted as
.fo Figure . 1a plots the response of the Ci\J U spcctrogralll to /n('pacf Notice the onset hurst. of' t.he voiceless stop p. Jt. runtains c.onsidcrablc energy and has large~ arnount.s of' broad hand ('llcrgy. Figure !) h shows how t.he f-:lllst.nincd channel actenuat.cs rnarkcdly this broadband r~nngy. Thus the sustained channel is set1sit.ive to tlJ<-' shape and formant structure of' vowels while~ it. a.LLt:lltHl.V's Lransi<:rtLs such as stop consonant-s.
'fo better gauge t.hc global properties of the sust.ained chanJH-:l: we pool across channels so as t.o he a hie (.() observe LIH~ total detector output. or t.he entire baJJk or detectors across the entire spectrum; t.hat. is, \\'(; let. N S(t) = 2_>;(1) ( 1) i=l \Vc compare t.hc respons<~ to /stop/ of' t.he pooled out.puL ( 1 1) of the sustained channel, t.lw out.pul (:>) of the individual sustained channels, and Lllc output. of t.he C!vJU conLrol spect-rogram. ln the Ci\'IU control spcct.rogran1 for /sLop/ ploUcd in l:'igure {)a, Llw liuw~ hurst. of f'ricat.ion c~n<:rgy for the fir~t. .J sc:c conc:spond.<; to fs/ starting the s,yllable. The silent gap of' about . J sec indicates a sLop f'ricat.ive clust.(:J' /st.j, which is followed hy t.hc energy in vowed /A/. The~ hurst of broadband en<:rgy at. about .G sec indica.t.es tlw final stop jpj. Figure Gb shows t.he response of the individual sustained detectors to the word /stop/. Notice that t.lw formant strucJurc is broa-dly preserved but that t.hc shape of' tlw Lbird alld fourth formants, appearing between ;) ;J kllz, arc bluncd. Not.ic.e a,<; with /aepac/ tha.t. the response t.o the bilabial plosivc /p/ is alrnost completely obliL(~rated. 'J'hus the sustained deLcct.or ca.n oblit.cJ·ate the consonantal burst of /p/ independent. of' Lhc vocalic (!llVironnwnL. The /p/ burst is attcnnatcd in both t.he <:nvirollnwnL between ja.c/ and t.lw enviwmnent. following the vowel /o/ (phonetic /a/). Figmc 7 plots the output of the pooled sustained detectors to /stop/. Notice the large attenuation of the frica.t.ion and burst. To maximir.e synchronous response we let ,)'i in (:)) Lake fullwave rect.ifled input. from the flltcrs Fj. Since we are always pooling a positive signa.! there is no dired ca.ncella.tion of the noise. However, the output of a. given sustained detector S'i is conela.t.ed with energy at. multiples of the best. frequency of' t.he given channel Si. This eorrela.t.ion cfl'ectively a.t.t.enua.tes incoherent energy in the signal relative to the coherent response which is always passed through the det.edor maximally. Since a. coherent signa.] may equally well be obtained by temporal coincidence during the negative going as well as tlw positiv(: going pa.rt of the acoustic wave, full wave rectiflcat.ion takes a.dva.nt.a.ge of this fa.cL. This reflects t.be biologkal fad. that the phase locking of the inner hair cells need not. all take plrtcc during the :;ame phase of' a given spec-tral cornponcnL of the signal. 'fhis suggests Lhe following refinement, which produces a set of" transient dct<.:ct.on::: ;-;cnsitive to difl'cring frequency ranges. 'l'o restrict sensitivity to a rcla.tivcly ;-;mall range of frequency hands, sum the output of Lhe t-ransient. d<-'l.ect.ors linked Lo a. small bank of' cochlear fllt<-:rs. To obtain sensitivity t.o directional cha.nges in the signal, half'wa.ve rectify t.he positive or negative going signal. To obt.ain a del-ector that is siumltaneously scnsit,ive to both positive: a.nd negative going changes in the speech wavef'orrn, fu!lwa.vc n:ctif'y the output. To obtain a change detector active in a small fr<~quency range but insensitive to the direction of change, f'u!lwavn rectify tile output of a small ra.nge of frequency channels. W'lwrever multiple detectors contribute to the filter, its onLpnt is nonnali"'"l by the nmnber of filters. Eqnai.iono (Alii), (AJ 1), and (A18) (An) in the Appendix show t.ha.t the slow rate constant ( in (G) can be chosen sllflicient.ly ::;mall so that averaging of' transients takes place over a. considerable interva.l of t.irne. No a.ddit.ional averaging of Lhc t.ra.nsient channels is needed to srnooth the short time gains.
The operations used in the transient detector are schcma.tized in Figure 8 and described mathematically in the Appendix. The discrete variant of the detector) averaged over frequency channeb ito j) is Although this d('\.cct.or n~sponds to onsets and ofl:<;cLs of coJJSOII<Uits, and Lhc~rcfon: scrvc:s as an iruporl.anl g<'neral cue. it. pools over too large a frequency range to distinguish h(_:t.wcr:Jl bct.wct'll the onsct.s and off"sct.s or difl'ering segments. lkcilusc t.hc dckdor is fullwav(' recl.ified, it. abo cannot disl.inguish between onsets and ofl"sct.s of the sLimnlns. To detect changes between onsets and of!"sets and Co scled-ivcly dct.ccL changes in difrcring frequency regions which me knowu t.o be useful in dc·V~ct-ing dif!'crent. stop consonants (Lidwnnan and BlunlsteiJI, 1D88), adja.ccnt-input dwnncls arc pooled and pctssed through the transient dcteet.ors, as in equation (7), and t.he output. is sunuued amlnonnalizcd. \Vhcn pooling is done using high frcqucnc:y cochlear input., Lhe detector i.e; a high frequency transient. detector. \Vhcn pooling is done using low frequency cochlear channels, tltr dt:i.rxt.or is a low frequency t.ransic:nL dekct.or. 'f]Je out.put.s of" adjncr:nL high and low frc~qucncy negat.iv(; l.J"ansicnt dcLectors arc displayed in J"('Sponsc to t.hc syllable /stop/ in Figure 1 1 . Figure Db shows how t.hc negative transient dci.(~ctor 1night. be used to disti11guish bct,wccu st.op and vowd ofl~<;d., wlH:n pooling over disLinc!. frequency ranges. Figure I 1 a plots the out.put. of Lh(' negative (.ransienl det.cct.or to input. from t.lic low frequency cochkar filters. Note t.haL a rc:lat.ivcly large rcspollse at Lh<' ofrsct of t.he vowel and t.o t.h(; release burst of" /t/. Be(~;wsc Uw pa;;sive d{'ca.y of t.hc t.ra.nsie,nL off'seL is slower than the onset. thc:sc peaks arc relatively broad. Not.<~ that. the response Lo Uw vowel ofl'set. is lllllch larger than the of!Sc:t. of the /L/ bmst. at. the bcgillning of jst.opj. Figure 11 b plots t.hc poolc~d output of this detector to higher fJ"C(jUency cochlear filt.erha.nk inpllt.S. Co!nparisoJl or J•'iglli'CS l_ I_ a (l.]J(l 11 b sho\V that a. rnajor dif[crcncc between Lhc response of t.hc t.wo detector;.; is the la.rge ofl:c;et. burst of the sLop jt.j in t.!Je segment /sLop/ by the negative transient det.e:d.or of high f'requenc:y' channels 1 and conversely._ the relatively large response t.o t.lw_ vowel of!:set by the !ow frequency cha.nnels. ' _l_"·hus 1 as shown in Figure Db , a dete:ct.or which halfwa.ve rectifies tlw diff"erencc of t.hc output. of t.hc scaJed low frequency negative tra.nsicnt. channels from t.he high frequency channels will be sensitive to stop ofl"set. Conversely, a det.e:d.or which ha.lfwa.vc rectifies the: diff"ercnce of the output. of the high frequency transient channels from t.hc low frequency ones will be sensitive to vowel off'seL. 'J'ogc:Lhcr these detectors define a.n opponent. processor.
The responses and sorne possible uses of the positive transient detectors me now considered. Figure 12 illustrates a. nurnber of the uses of these dctectors. 
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Figm<' ];);! aiHI 1:·igure J:)h show th;1t tlw n'spollS<' of' hoth po~iLiY<' high :tnd low fr<'qliCIJc.r 1r:uJsi<'IJ\ dt'kc\tll";;. <tiT rc-l:tl irely I;Jrg<' only dmin;.~; tlw ;;top hurst jpj. Obst'J'V<' 1 he-rcl:ll iH·i>· hr~p out put ;Ji .() c><'COJJd~; i11 hut It tl1\·. lo11· it!ld iligl1 f'r<'(jliCilr.Y I r<tnsi<'lli dc'tcrturs to I 11(' slop hrll'~;t ,/pj. TIJ11:--: Figure J2b . Togct.!wr thC's(; difl'c:rcnced high and lo\\" f'requ('ncy clJ<lllllCls co!llpris(' a11 Oj)i)0Jl('n( processing lJJOdl!ic for t.he COI!lplltatioll of" f'ricat.iOllS il!ld \'0\\"<'l OllSCtS.
G. Coudndiug Remarks
J' l1i:--:. art.ifle dcscrilws a IH~lll'<d nwdd of how per'1phc:nl audiwry dckctors Glll facilitate aul.Oill<lt.ic sc:·pantt.ioll of' coart.iculat.ed consonants and \'O\\"t'ls during nonnal speccl1. Ba;-;cd on d;1la about eighfh l]('J"\"<' dynatllics, a sust.ai1wd det.c:ct.or chanucl is <ksni!wd (.hat. cnn discrilnina(.c s,ynclnonous \'OCctlic quality, whil<' suppressing transient inf'onu<ition in L]w speech wavcf'onn. The sust.aincd channel operates in parallel with a t.r<·tnsi(:nL dct.cc!.or channel that can discriminate the onsets and ofC.;;c:(.s or fricaLiv(~S and stop consonnnLs, as m:ll as del.t'C(. vowel onsets and ofT"sc~t.s.
The response JHOJ.WrLics of' lllodcl transient. d<:tecLors scnsiLi\'<' Lo high frequency pooled cochl<:nr input are quite ~i1nilar l.o t.hos(' of" onset. L cells, n;uJwd by Pf'cifrn (I\)()()). Tlwsc cells are f'OII!Hl lllain!y t.he posterior vc~nl ral cochkm nucleus, but. t.hc_-y· haY<' also been found in t.l!c ant.crior ventral cochlear nucleus n11d t.hc dorsal cochlear nucleus. The post.-st.i!llulus t.ime histogram of' t.h<.'sc cells show a large rcspons<: nl onset. followed hy n. much smaller bnt disccl'llihlc response at. lat.er illst.ant.s of' t.inw, whl:n stimulated h,y tone bursts ncar t.lw best frequency of' t.he cell. A sirnilar response at. the onset of t.he vowel is a.nt.icipa!. nnd S1nith (JDR7) have replical.<·:d t.bcsc results but found less direct.ional scledi\·it.y t.han rcport. (; d by 13rit.l and Starr (197(5 The interaction of these det.ect.ms with higher level cognitive a.Lt.ent.iona.l f'a.ct.ors is yet. to be addressed. Attent.ionally rnodulat.ed feedback influences the neural response to a.n auditory st.irnulus as early as t.he receptor level (Pickles, J 088) , and influences processing of the speech wavef'onn. Delgut.tc a.nd Kia.ng (1 981a.: H) 81b, H181c, 1084d, 1084c) have shown that adaptation at t.he eight nerve itself' influences the short Lime response to speech stirnuli in an anesthetized cat.. Higher level errcets also must. be taken into account, but arc not modeled by .such peripheral mechanisms. For example 1 Assmann, Nea.rey, and Hogan (Hl82) have Bhown effects of preceding and following eonsona.nt..s and speaking rate on the sha.pc and perception of the intervening vowel. i"vliller (1080) has shown significant effect of speaking rate on the perception ofhot.h stop ; ; and eonoonants, Repp (1978, HJ89) ) has shown that detecting doubled stop consonants (/raged/, /ragged/), (s + ()y = (/.
11. follows (hat 
Solving for a .. and bin LNms of q and G, \\'('obtain H cl -.;,;(h-yo] . The frequency response of the syst.em is
and the modulus of the response is (!l22)
The expression l'(l/, li.:) in (A20) is used in equation (8) 
where '"-''max is l.l1c frequency of lnaximal n:spon:'ic. Tl1is fr<'quency :u1:dysis shows that t.hc 1TansicnL det.c'.cCOl' is globally "bandpa:-;s" in clwract.cr: The gain of' t.hc filter l'<Ultps up at low frequencies and falls as the fn:quency incrcc-tses. In a scalahlr~ lo\\"pnss f'rc:quency range the sysk1n acts as a difl'crcnt.iator hy responding t.o t.lw difrnential of" int-cnsi1._y. Jt. is scnsit.iw~ t.o a relatively llC\1'!'0\\' haJJd portion or t.hc frequency l'<lJJg; (', whii(' l'r' 
Fignre :L jlJot of' ])]3 or illh'IISi!.y il!.kJl!!ilt.ioll of" tlw cochlc•<Jr filters: (:t) TIJis ·'cocld('(\]' filter"' liaS :t ('('·]Jic-r frequency of B;)rlhz \\'ith n'COilSlt·union data ill t.he r:u1gc fro1n l()Ohz to 1100hz. \oticl' tlw rclnti\·(')y S)'rll!lldric falloff. This filtn has brmHI(']' high freqw~ncy rallofr tiJ<lll low frequency Cl!lO!i'. This is only clwract.cristic of tlw symmC't.ric rc·sponscs. (b) \lid rangl' cochlear filter wit.h a f'rcqHctlcy rcspOiiS<' which is cbaract.cristic of' a Lypic;tl cochl(:ar filter. lts c(:nt.er f'requenc,y is :?:)i)()IJ:;, with J'('const.ruction dnt.n in tlw rang~c frorn l70h!, Lo ~) kll1 ... Not.z: t.hc sharp hi!';h frequency fallofr, which is umsidcrably sli<li'JWI' tl1an Llw low f'rccptClH'Y data. This is t.ypicct! of' most. of' t.hc arnplit.lHlc response on the basilar nwmhranc. The r(•spon!:ic of' a negative transi<:JJI. detector to high frequency output.. ParanKL<:rs arc as in (a). Frequency rhaJJ!lcls whos<: st.art.ing filter is ntnnlwr /1:) and ending filter is nuJnlwr !)9 arc pooled. This conC'sponds t.o a ccntn f'n:qucnc_y range f'ro1n 1 1 1OOhz to 8BOOhz. (b) Figure 13 
